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The CNG channels are homologous to the K ϩ channels (Kaupp et al., 1989; Jan and Jan, 1990; Guy et al., 1991;  College of Physicians and Surgeons Columbia University Goulding et al., 1992 Goulding et al., , 1993 Heginbotham et al., 1992) , and we assume that they are also tetrameric. We have New York, New York 10032 used the substituted-cysteine accessibility method (Akabas et al., 1992 (Akabas et al., , 1994 Stauffer and Karlin, 1994) , mutating consecutive residues in the P region to cysSummary teine. We assume that only cysteines at the wateraccessible surface of the protein will react with hydroIn voltage-gated ion channels and in the homologous philic, lipophobic, charged sulfhydryl-specific reagents. cyclic nucleotide-gated (CNG) channels, the loop be-
The reagents we used were the methanethiosulfonate tween the S5 and S6 transmembrane segments (P re-(MTS) derivatives, MTS-ethylammonium (MTSEA) and gion) is thought to form the lining of the pore. To inves-MTS-ethylsulfonate (MTSES) (Akabas et al., 1992 ; Stauftigate the structure and the role in gating of the P fer and Karlin, 1994) and Ag ϩ (Lü and Miller, 1995) . The region of the bovine retinal CNG channel, we deter-MTS reagents attach -SCH2CH2NH ϩ 3 or -SCH2CH2SO
Ϫ 3 mined the accessibility of 11 cysteine-substituted P to free sulfhydryls, and Ag ϩ forms -SAg. It is likely that region residues to small, charged sulfhydryl reagents these modifications of cysteine residues in the pore reapplied to the inside and outside of membrane patches gion would irreversibly alter current flow through the in the open and closed states of the channel. The channel, and we assay these reactions by their funcresults suggest that the P region forms a loop that tional effects. We also assume that such reagents canextends toward the central axis of the channel, analonot pass the closed gate. Thus, by determining from gous to the L3 loop of bacterial porin channels. Furwhich side of the membrane residues were accessible thermore, the P region, in addition to forming the ion in the closed state of the channel, we tried to bracket selectivity filter, functions as the channel gate, the the gate. Surprisingly, we identified 3 residues that were structure of which changes when the channel opens.
accessible from both sides of the membrane when the channel was closed. To account for this result, we propose that each of the four P regions forms a thin blade Introduction of an iris, which in places is 1 residue thick. In the closed state, this iris is the gate, and in the open state, it is the Residues in the loop between the S5 and S6 transmemselectivity filter. brane segments of voltage-gated ion channels are the major determinants of their ion permeation properties (see Figure 1) (Miller, 1991; Catterall, 1993) . This loop, Results now called the P region, was proposed to form the lining of the channel pore (Guy and Seetharamulu, 1986) . AlEach of 27 consecutive residues (R1-S27) in and flankthough residues in the S4-S5 loop (Isacoff et al., 1991;  ing the P region of the cloned BRET channel (Kaupp et Slesinger et al., 1993) and in the S5 and S6 transmemal., 1989 ) ( Figure 1A ) was substituted, one at a time, by brane segments (Choi et al., 1993; Kirsch et al., 1993;  cysteine, and the mutant channels were expressed in Lopez et al., 1994 ) also affect ion conduction, the P Xenopus laevis oocytes. Eleven mutants yielded funcregion is the major determinant of ion selectivity in volttional CNG channels with near normal gating behavior. age-gated K ϩ (Heginbotham et al., 1994) , Na ϩ (HeineWe assume that the structure of the P region in these mann et al., 1992), Ca 2ϩ (Yang et al., 1993) , and cyclic 11 functional mutant channels is similar to that in wild nucleotide-gated (CNG) channels (Goulding et al., 1993) .
type. Moreover, the P region has been shown to determine
We first examined the effects of MTSEA on the wildthe pore diameter of the CNG channels (Goulding et al., type channel. Application of MTSEA to the external side 1993). Thus, the P region likely forms the selectivity filter of the membrane caused no irreversible effects on the of the channel. Because the P region of K ϩ channels, channel (see Figure 3A , BRET). In contrast, application of MTSEA to the inside of the membrane irreversibly inhibited the cGMP-activated current (Z.-P. S. and S. A. S., unpublished data). We mutated all 7 endogenous obtained by subtracting current in absence of cGMP from current nel (BRET) amino acid residues R345-S371 (Kaupp et al., 1989) in the presence of 10 mM cGMP. Note the absence of outward (numbered 1-27 for convenience), the catfish olfactory CNG channel current when MTSEA is the internal cation. (FOLF) residues Y317-P337 (Goulding et al., 1992) , two voltagegated potassium channels, Kv2.1 (I360-K382; Frech et al., 1989) and Shaker (I429-V451; Tempel et al., 1987) , and residues R100-Y124 of is conducted 1000-fold less well than K ϩ . (This channel the pore-lining L3 loop of OmpF (Cowan et al., 1992) , the weakly is nonrectifying in symmetrical K ϩ solutions.) Since CNG cation-selective, bacterial outer-membrane channel.
channels are exclusively permeable to cations (Yau and (B) The transmembrane topology of the BRET P region residues
Baylor, 1989), we assume that the anionic MTSES is according to the ␤ hairpin model of the K ϩ channel P region. Only also impermeant. Thus, by comparing the accessibility the flanking S5 and S6 domains of the channel are illustrated.
of cysteine-substituted residues to external and internal applications of sulfhydryl-modifying reagents, we investigated the transmembrane orientation of the P region cysteines, one at a time, to threonine and found that the mutation of Cys-505, located in the cGMP-binding residues. By applying the reagents in both the open and the closed states, we also probed structural changes site (Kaupp et al., 1989; Goulding et al., 1994) , to Thr (C505T) yielded a functional channel with wild-type actiassociated with gating. vation but without susceptibility to internal MTSEA (see Figure 3C , C505T). All cysteine-substituted mutants in Accessibility of P Region Residues in the Open State To identify residues accessible from the extracellular which we tested the effects of internal MTSEA and Ag ϩ were expressed in the C505T background.
medium, we applied MTSEA to the outside of the membrane in outside-out patches containing P region muSince the interpretation of the effect of the reagents on a particular P region cysteine mutant depends on tants. When applied to the channel in the open state, MTSEA caused a statistically significant, irreversible inthe extent to which the reagents permeate the channel, we examined the permeability of the channel to MTSEA.
hibition of current in only the T20C and P22C mutants ( Figures 3A and 3B ). The 1.5 min application was suffiThe permeability of the channel (using the C505T mutant) to MTSEA was determined from the outward curcient for the reaction as measured by the inhibition to go to completion. The aligned residues in the Shaker K ϩ rent carried by internal MTSEA under bi-ionic conditions using inside-out patches (Figure 2 ). The K ϩ in the bath channel bracket a residue that interacts with externally added tetraethylammonium (MacKinnon and Yellen, solution was replaced with isotonic MTSEA (112 mM), and current was measured in response to a voltage 1990; also see Figure 1A ), which is consistent with the external accessibility of T20C and P22C. ramp from Ϫ120 to ϩ120 mV. The current due to the CNG channel was taken to be the current in the presence Applied to the internal side of the membrane, in the open state, MTSEA irreversibly inhibited 4 out of the 11 of a saturating concentration of cGMP (1 mM) minus the current in the absence of cGMP. The inward current mutants: T16C, I17C, T20C, and P22C ( Figures 3C and  3D) . These experiments used a 3 min application of through the CNG channel carried by external K ϩ was Ϫ196 pA at Ϫ120 mV. In contrast, the averaged current MTSEA, sufficient for the reaction to go to completion. Since neither T16C nor I17C reacted with MTSEA apcarried by internal MTSEA between ϩ110 and ϩ120 mV was Ϫ0.2 Ϯ 2.8 pA (mean Ϯ SD), indicating that MTSEA plied externally, these residues are likely to lie closer to the intracellular side than to the extracellular side of the either side of the membrane without crossing the selectivity filter. membrane. This topology is consistent with results in Shaker K ϩ channels, where mutation of the Thr residue aligned with T15 alters internal, but not external, tetraAccessibility of P Region Residues in the Closed State ethylammonium block (MacKinnon and Yellen, 1990; Yellen et al., 1991) . The accessibility of T20C and P22C
To explore further the accessibility of P region residues and to identify residues whose accessibility changes to internal MTSEA was surprising since this reagent does not permeate the channel and these residues were with gating, we applied MTSEA to the inside of the membrane in the closed state of the channel (in the absence also accessible to MTSEA added to the outside of the membrane. Thus, MTSEA reaches T20C and P22C from of cGMP). Under these conditions, MTSEA irreversibly The effects of MTSEA applied to the intracellular side of inside-out patches, in the absence of cGMP, containing C505T, T20C, I17C, or V4C channels. All mutants were in the C505T background. MTSEA (2.5 mM) was applied for 3 min to the cysteine-substitution mutants and for 5 min to C505T at a holding potential of Ϫ80 mV.
(B) Average effects of MTSEA (3 min) applied internally to each of the functional mutants in the closed state. These data were obtained with cysteine-substitution mutants in the C505T background and with C505T as the control.
(C) Effects of MTSEA applied to the extracellular side of inside-out patches containing wild-type (BRET) or V4C channels in the closed state (V h ϭ Ϫ80 mV; MTSEA present in the patch pipette). For each mutant, control responses were obtained using patches from the same oocyte with no MTSEA in the pipette. For the wild-type channel, the cGMP-activated current was similar and remained stable for control patches and patches obtained with MTSEA in the pipette. In contrast, the initial response to cGMP of V4C (30 s to 1 min after obtaining seal) was lower in the presence of MTSEA than in its absence (note 5-fold difference in scale between control and MTSEA), indicating that the reaction occurred in the closed state. Moreover, the response continued to decay between the repeated applications of cGMP.
(D) Average effects of MTSEA applied on the extracellular side of the membrane for wild type and the V4C, T16C, T20C, P22C, and V24C mutants in the closed state.
inhibited 7 out of the 11 mutants: V4C, L7C, T16C, I17C, to the external side of the membrane in the closed state.
In these experiments, we used inside-out patches with T20C, P22C, and V24C ( Figures 4A and 4B ). The inhibition was constant after a 3 min application of MTSEA.
MTSEA present in the pipette (external) solution to permit us to apply cGMP to the internal surface of the Since V4C, L7C, and V24C were not accessible to MTSEA applied internally when the channels were open channel. Surprisingly, we found that V4C, T20C, and P22C also reacted with externally applied MTSEA (Fig-( see Figure 3D ), structural changes occur in this region during gating. These results also suggest that the gate ures 4C and 4D). The effect of external MTSEA was determined by comparing the current response to cGMP lies external to V4C, T20C, P22C, and V24C, residues already thought to lie near the external surface of the applications obtained from patches in which MTSEA was present in the pipette solution with the cGMP curmembrane (MacKinnon and Yellen, 1990; Miller, 1991) (see Figure 1B) . To locate the gate, MTSEA was applied rent response from patches obtained from the same closed and open states of the channel. Moreover, the negatively charged MTSES must reach T20C through a and P22C, the inhibition was complete within 1 min of forming the patch and exposing the channels to MTSEA pathway that does not pass through the cation selectivity filter. (the earliest time at which cGMP response was measured). In the case of V4C, the first response to cGMP was decreased in the presence of MTSEA, and inhibition
The Two-Sided Accessibility Is Not due to increased over the next 2 min ( Figure 4C ). The accessiPermeation through the Open Channel bility to MTSEA of V4C, T20C, and P22C from both the A second possible explanation is that, in the presence external and the internal sides of the membrane in the of cGMP, the reagents permeate the channel and thus closed state of the channel implies that no external or gain access to the opposite side of the membrane from internal gate blocked access to these residues.
which they are applied. In the absence of cGMP, spontaneous openings of the channel could allow permeation. This is unlikely for several reasons. MTSEA does not The Two-Sided Accessibility Is through permeate the cGMP-opened channel (see Figure 2) , and a Hydrophilic Pathway MTSES is an anion and, thus, is also unlikely to be One explanation for the two-sided closed state accessipermeable. In addition, T16C and I17C, inhibited by bility of V4C, T20C, and P22C is that MTSEA permeates MTSEA added internally, are unaffected by MTSEA the membrane in a deprotonated, uncharged form added externally; thus, not all residues are accessible through a hydrophobic pathway bypassing the gate. from both sides. Furthermore, in the absence of cGMP, Local anesthetics, for example, reach their binding site the spontaneous open probability of the wild-type chanin voltage-gated Na ϩ channels through a hydrophobic nel is about 10 Ϫ5 (Goulding et al., 1994 ; G. R. Tibbs, pathway (Hille, 1977) . This is unlikely here, however, E. H. G., and S. A. S., unpublished data). Because the because T16C, I17C, and V24C were accessible to MTSEA only from the inside. Nevertheless, to explore further the likelihood of a hydrophobic access pathway, membrane through a water-filled pathway in both the Only T20C showed irreversible reaction with reagents. (In these experiments, external application of reagents was not tested on the closed channel.) Mutants were in wild-type background, except for internal applications of MTSEA, which used the C505T background.
gating of the mutant channels is near wild type, their T20C is even accessible to the negatively charged MTSES from both sides. The accessibility of V4C is state spontaneous open probabilities are not likely to be much greater. Nevertheless, the rates and extents of the irredependent, since this residue is modified only in the closed state of the channel. Other residues (e.g., T16C, versible block of the mutants by MTSEA were very similar in the presence and absence of cGMP (Table 1) .
I17C, and V24C) appear to be accessible to reagents only when applied to the inside of the channel. A model that is consistent with the two-sided accessiThe Two-Sided Accessibility Is Not due to Reaction with an Endogenous Cysteine bility and lack of charge selectivity is that, for most of its length, the pore is a large-diameter, unselective, A third possibility is that cysteine substitution in the P region increases the susceptibility of endogenous cyswater-filled region lined by the S5 and S6 segments (Kirsch et al., 1993; Slesinger et al., 1993 ; Lopez et al., teines elsewhere to react with the reagents; e.g., the engineered cysteine is accessible to one side, while a 1994) from each symmetrically arranged subunit (Durell and Guy, 1992) . The P region loops, connecting the S5 previously unaffected endogenous cysteine becomes accessible from the other side. Although we cannot and S6 segments, extend toward the central axis of the channel, forming the blades of an iris-like structure, completely rule out this possibility because the cysteineless channel fails to express, it also seems unlikely.
which constricts the large-diameter pore ( Figure 7B ). At V4, T20, and P22, this iris is only 1 residue thick, so that Three independent mutations, T20C, P22C, and V4C, would have to reveal an endogenous cysteine, whereas the side chains of the substituted cysteines can rotate toward either the external or the internal vestibules of the other nearby mutations would not. None of these mutations, however, significantly affected gating, arguing pore. In particular, the pathway through the vestibules to T20C does not pass through the charge selectivity filter against a widespread structural change. Furthermore, V4C was susceptible to inhibition by MTSEA only in the because T20C is accessible to the negatively charged MTSES and the impermeant MTSEA. The center of the closed state, whereas T20C and P22C were susceptible in both states; this would require that V4C reveal a differiris, possibly involving residues T16-E19 (Heginbotham et al., 1992 (Heginbotham et al., , 1994 Root and MacKinnon, 1993 ; Lü and ent cysteine than the other 2 mutations.
More direct evidence against a role for endogenous Miller, 1995; Pascual et al., 1995) , forms a short, narrow region of the pore that serves as the selectivity filter. cysteines comes from replacement of T20 with either methionine or valine. In both the T20M and T20V mu-
The large external and internal vestibules of the pore in this model are consistent with previous findings. The tants, the sulfhydryl reagents MTSEA and MTSES had no effect on the CNG current when applied to the inside presence of a large external vestibule has been proposed for Shaker K ϩ channels based on their interaction of the membrane in the closed or open state or to the outside of the membrane in the open state (the closed with charybdotoxin (Miller, 1995) . The presence of a large internal vestibule is consistent with the finding that state was not tested; Figure 6 ). This is in contrast to the marked inhibition in the T20C mutant (see Figures the Shaker amino-terminal inactivation peptide blocks the CNG channels, when applied internally, by binding 5 and 6).
to the P region (Kramer et al., 1994 ). An alternative explanation for the two-sided accessiDiscussion bility of these residues is that the channel may not be 4-fold symmetric, so that the structures adopted by the The most striking finding of our study is that charged sulfhydryl reagents have access to V4C, T20C, and P22C subunits might not be identical. The P regions might exist in two different structures in a given state, so that from both sides of the membrane in the closed state of the channel without crossing the membrane ( Figure 7A) . V4, T20, and P22 would be oriented externally in one subunit and internally in another. Although such an asymmetric structure is possible, it is not consistent with the apparent 4-fold symmetry of the interaction of the Shaker K ϩ channel with charybdotoxin (MacKinnon, 1991). Moreover, in such an asymmetric structure, the orientation of V4, T20, and P22, located near the ends of the P region, would have to alternate from externally facing to internally facing from one subunit to the next, while T16 and I17, located near the middle of the P region, would face internally in all the subunits. Future experiments using tetrameric constructs in which only one subunit carries the cysteine mutation may allow us to test this possibility directly.
The two-sided accessibility at positions V4, T20, and P22 in the closed state was particularly unexpected. One possible explanation for this result is that the accessibility in the closed state results from spontaneous openings of the channel. However, we have ruled this possibility out because such openings are rare (see above)
, and yet the rates of reaction of the reagents in open and closed channels are very similar (see Table  1 ). Still, it might be argued that even though the spontaneous open probability is quite low, a reagent might enter the channel during a spontaneous opening and become trapped in it when the channel closes. The high local concentration of the reagent in the closed pore might then enhance its probability of reacting. However, V24C is consistent with the P region changing its strucEach of four identical subunits contributes a single P region loop to form the selectivity filter in the open state (shown). In the closed significant difference test (p Ͻ .05). The data are presented as mean been comparably tested in K ϩ channels. Also, the two-Ϯ SD unless specified otherwise.
sided accessibility to MTSEA of residues aligned with
The concentrations of MTSEA and MTSES applied were 2.5 and V4, T20, and P22 has not been tested in K ϩ channels, 10 mM, which reacted at approximately equal rates with simple thiol although the residue in Kv2.1 aligned with P21 was accompounds in solution (Stauffer and Karlin, 1994 (Pascual et al., 1995) . However, given taking into consideration the chelating effects of EGTA and EDTA, the similarity of the CNG channels and the voltage-gated with absolute stability constants (log K1) of 6.88 and 7.32, respec-K ϩ channels, we would not be surprised if our model tively.
for the P region would apply to both.
For the measurement of the permeability of MTSEA (see Figure  2) , we used ramps from Ϫ120 to ϩ120 mV at 1 mV/3 ms in insideExperimental Procedures out recordings of the C505T mutant. Two control ramps were applied in the absence of cGMP, followed by two test ramps in the presence Materials of 1 mM cGMP and two more control ramps after washout of cGMP. MTSEA and MTSES were synthesized according to Stauffer and The control ramps preceding cGMP were averaged and subtracted Karlin (1994) . Cyclic nucleotides and other reagents were purchased from those following cGMP washout to verify that the leak resistance from Sigma (St. Louis, MO).
did not change. Since MTSEA is a bromide salt, we used Br Ϫ to replace Cl Ϫ in the divalent-free solution and a 3 M KCl agar bridge as the ground electrode in these experiments. The isotonic MTSEA Molecular Biology solution contained 112 mM MTSEABr, 10 mM HEPES, and 1 mM The CNG channel from BRET cDNA (Kaupp et al., 1989) was sub-EDTA (titrated with tetramethylammonium hydroxide to pH 7.2). Tetcloned in a modified vector pGEM-3Z (Promega) containing the ramethylammonium is not permeant through the channel (Goulding 5Ј and 3Ј Xenopus ␤-globin untranslated sequences flanking the et al., 1993). polylinker region (Goulding et al., 1994) . Using the polymerase chain reaction technique, three silent restriction sites (MscI, SalI, and RsrII) Acknowledgments were introduced in and flanking the P region, producing two cassettes of 33-34mers and 41-42mers for linker-method mutagenesis We thank Drs. Gareth Tibbs and Juan Pascual for their comments of 27 cysteine-substituted mutants (see Figure 1A , R1-S27). RNA on the manuscript, Huan Yao and John Riley for technical assiswas transcribed from NheI-linearized DNA using T7 RNA polymerase tance, and Eric Odell for artwork. This work was supported in part and injected into Xenopus oocytes prepared as previously deby research grants from the National Institutes of Health (NS07065 scribed (Goulding et al., 1992 of a Klingenstein Award in the Neurosciences and is an Established recorded using an Atari-EPC9 patch-clamp amplifier (HEKA, GerScientist of the New York Heart Association. S. A. S. is an Investigamany) as previously described (Goulding et al., 1993) . For insidetor of the Howard Hughes Medical Institute. out recording, the pipette and bath solutions were identical and
The costs of publication of this article were defrayed in part by contained a divalent-free solution (97 mM KCl, 10 mM EGTA, 1 mM the payment of page charges. This article must therefore be hereby EDTA, 10 mM HEPES; pH 7.2, titrated with KOH). For outside-out marked ''advertisement '' in accordance with 18 USC Section 1734 recordings, the pipette contained 10 mM cGMP to activate the chansolely to indicate this fact. nels, and patches were obtained in a solution containing a high concentration of Mg 2ϩ (20 mM MgCl2, 85 mM KCl, 2 mM EGTA, 10 Received August 25, 1995; revised September 15, 1995. mM HEPES; pH 7.2). The high external Mg 2ϩ normally blocks the channels opened by the intracellular cGMP, so that the magnitude References of the cGMP-activated current (I) was obtained from the difference between the currents in the absence and presence of Mg 2ϩ (Root Akabas, M.H., Stauffer, D.A., Xu, M., and Karlin, A. (1992) . Acetylchoand MacKinnon, 1993) .
line receptor channel structure probed in cysteine-substitution muThe effects of externally applied MTSEA, MTSES, and Ag ϩ on tants. Science 258, 307-310. open channels were studied using outside-out recordings (10 mM Akabas, M.H., Kaufmann, C., Archdeacon, P., and Karlin, A. (1994) . cGMP present in the pipette). MTSEA and MTSES were applied for Identification of acetylcholine receptor channel-lining residues in 1.5 min, and Ag ϩ for 0.5 min. The effects of internally applied MTSEA, the entire M2 segment of the ␣ subunit. (1993) . Structure and function of voltage-gated ion channels, were studied using inside-out patches. MTSEA and channels. Trends Neurosci. 16, 500-506. MTSES were applied for 3 min, and Ag ϩ for 0.5 min. We calculated the irreversible fractional inhibition as 1 Ϫ (I cGMP after application)/ Choi, K.L., Mossman, C., Aube, J., and Yellen, G. (1993) . The internal (I cGMP before application).
quaternary ammonium receptor site of Shaker potassium channels. The effects of externally applied MTSEA and Ag ϩ on the closed Neuron 10, 533-541. state of the channel were studied by comparing responses from Cowan, S.W., Schirmer, T., Rummel, G., Steiert, M., Ghosh, R., Paupdifferent patches obtained from the same oocyte. In these experitit, R.A., Jansonius, J.N., and Rosenbush, J.P. (1992) . Crystal strucments, the reagent was present in the patch pipette, and inside-out tures explain functional properties of two E. coli porins. Nature 358, patches were obtained. We compared the first response to cGMP, 727-733. with or without MTSEA or Ag ϩ inside the pipette, from patches Durell, S.R., and Guy, H.R. (1992) . Atomic scale structure and funcobtained on the same oocyte. Patch pipettes had similar tip diametional models of voltage-gated potassium channels. Biophys. J. 62, ters in these experiments. The time delay between sealing on the 238-250. oocyte and exposing the patch to the perfusion was kept under 1 Frech, G.C., VanDongen, A.M.J., Schuster, G., Brown, A.M., and min. Thus, the first response to cGMP, after ‫1ف‬ min of exposure to Joho, R.H. (1989) . A novel potassium channel with delayed rectifier MTSEA or Ag ϩ (I test ), was compared with the first cGMP response properties isolated from rat brain by expression cloning. Nature 340, from control patches in which these reagents were absent (I control ).
642-645. For each oocyte, three separate test and control patches were obtained, and the responses were averaged. Fractional inhibition was Goulding, E.H., Ngai, J., Kramer, R.H., Colicos, S., Axel, R., Siegelbaum, S.A., and Chess, A. (1992). Molecular cloning and sincalculated for each oocyte from 1 Ϫ (mean Itest/mean Icontrol). We used the SPSS/PCϩ (SPSS, Inc.) statistical software to analyze the effects gle-channel properties of the cyclic nucleotide-gated channel from catfish olfactory neurons. Neuron 8, 45-58. of the reagents by one-way ANOVA according to the modified least
